Ataxia telangiectasia (AT) cells, with their defective double-strand break (DSB) repair processes, exhibit high sensitivity to low-LET radiation such as X-rays irradiation and gamma beams. Since heavy ion beam treatment for cancer is becoming increasingly common in Japan and elsewhere, it is important to also determine their sensitivity to high-LET radiation. For this purpose we irradiated AT and normal human cells immortalized with the human telomerase gene using high-(24-60 keV/μm carbon and 200 keV/μm iron ions) or low-LET (X-rays) radiation in non-proliferative conditions. In normal cells the RBE (relative biological effectiveness) of carbon and iron ions increased from 1.19 to 1.81 in proportion to LET. In contrast, their RBE in AT cells increased from 1.32 at 24 keV/μm to 1.59 at 40 keV/μm, and exhibited a plateau at over 40 keV/μm. In normal cells most γ-H2AX foci induced by both carbon-and iron-ion beams had disappeared at 40 h. In AT cells, however, a significant number of γ-H2AX foci were still observed at 40 h. The RBEs found in the AT cells after heavy-ion irradiation were consistent with the effects predicted from the presence of non-homologous end joining defects. The DSBs remaining after heavy-ion irradiation suggested defects in the AT cells' DSB repair ability.
INTRODUCTION
Ataxia telangiectasia (AT) is a rare human genetic disorder characterized by a number of clinical symptoms including cerebellar ataxia, telangiectasia, immunodeficiency, gonadal atrophy, and increased cancer susceptibility. 1) It is well known that cells derived from AT individuals are hypersensitive to ionizing radiation, 2) which kills them at much lower doses than normal cells. AT patients show an ATM (ataxia telangiectasia mutated) deficiency. The ATM protein is activated after ionizing radiation, and phosphorylates several proteins involved in cell cycle checkpoint control and the non-homologous end joining (NHEJ) pathway of doublestrand break (DSB) repair. [2] [3] [4] [5] Consequently, it is thought that the pronounced radiosensitivity of AT cells is due to defects in both the activation of the cell cycle checkpoint and DSB repair after irradiation.
The biological effects of high-LET radiation are greater than those of low-LET (e.g. X-or γ-rays) radiation. Many studies have demonstrated that the post-irradiation survival rate, DNA repair and mutation induction in normal human fibroblast cells is LET-dependent. [6] [7] [8] [9] [10] [11] These cells also showed an increase in relative biological effectiveness (RBE) in proportion to LET. However, Tobias et al. reported that in the approximate range of 40 keV/μm to 200 keV/μm the LET of neon-and argon-ion beams showed no effect on the cell survival of skin fibroblast cells derived from AT patients. 12) In addition, in DSB repair-deficient cells, such as xrs5 cells lacking the Ku80 gene, the RBE did not increase with LET. 13) Eguchi-Kasai also reports that except for a small peak around 80 keV/μm the RBE in DSB repairdeficient cells derived from mouse cell lines appears almost flat in the range of 20 keV/μm to 200 keV/μm. 14) It is speculated that the LET effect on cell survival might not be observed in NHEJ-deficient cells due to defect in repair of DSBs. However, in previous works the AT cells were in a proliferative condition. It is not yet clear whether the LETindependece of RBE in AT cells is due to NHEJ-repair defects, cell-cycle checkpoint defects, 12) or some combination of these and/or other factors. Moreover, our knowledge regarding the effects of NHEJ-defects on (especially human) cells exposed to high-LET radiation is far from complete. To analyze the NHEJ repair aspect a study should be conducted using AT cells arrested at the G 0 /G 1 phase.
Our laboratory reports on using γ-H2AX foci for analyzing cellular DSBs show it may be possible to detect even subtle amount of DSB and verify cellular DSB-repair ability by γ-H2AX analysis. 15, 16) We have also reported on using a γ-H2AX focus assay to study DSB repair after low-dose irradiation. 17) In the current study we investigated the effects of high-LET radiation on AT and normal cells immortalized by the human telomerase reverse transcriptase (TERT) gene. For a high-LET radiation source we used carbon ions (LET at 24, 40, 50 and 60 keV/μm, 135 MeV/nucleon original energy) and iron ions (LET at 200 keV/μm, 500 MeV/nucleon original energy). DSB repair was determined using a γ-H2AX focus assay.
MATERIALS AND METHODS

Cell culture
We used the TERT-immortalized human fibroblast cell lines derived from AT patients (AT1OS/T-n) and a normal individual (SuSa/T-n) described in a previous publication. 18) Except for immortalization, these cells retain their original characteristics, and have proved useful for analyzing the various effects of radiation. 2, [18] [19] [20] The cells were inoculated into a T25 flask for survival, or into a SlideFlask (Nalge Nunc International, Denmark) for immunofluorescence, and cultured at 37°C with DMEM supplemented with 10% FBS. In 3 days they reached a confluent state, and were then further cultured in a low-serum medium (DMEM supplemented with 3% FBS) for 6 days before high-LET or low-LET irradiation.
Irradiation
Low-LET (X-rays) radiation was delivered at 1.3 Gy/min using a model MBR1520R3 X-rays machine (150 kV, 20 mA, 2-mm aluminum filter; Hitachi Medico, Tokyo) at the Aichi Cancer Center (ACC).
High-LET irradiation was performed using the Heavy-Ion Medical Accelerator in Chiba (HIMAC) at the National Institute of Radiological Sciences (NIRS), Chiba, Japan. The dosimetry and LET settings/measurements were performed by NIRS engineers. 135 MeV/nucleon carbon ions were chosen for LET of 24, 40, 50 and 60 keV/μm, and 500 MeV/ nucleon iron ions for LET of 200 keV/μm. The flasks were positioned so as to expose the cell layer on the bottom from a vertical angle. The LETs were adjusted by changing the thickness of the Lucite absorbers in front of the cell samples (Table 1 ). All irradiation was carried out at room temperature.
Survival assay
The sensitivity of cells to high-or low-LET radiation was measured using a colony formation assay described in a previous publication. 20) After high-LET irradiation, cells were immediately removed from the flask with trypsin and suspended in culture medium. The cells were put into a 15 ml tube and kept on ice for between 6 and 12 hours during the transit from HIMAC to ACC. To equalize environmental factors the cells that were X-rays irradiated at ACC were also kept on ice for 8 hrs. We had preconfirmed that cells kept on ice after X-rays irradiation before survival assay and cells immediately processed for survival assay exhibited similar survival curves. At the ACC laboratory, appropriate numbers of cells from each dose group were plated into 6 cm dishes for culturing. After 14 days, colonies were stained with crystal violet and counted. Only colonies containing 50 or more cells were scored. We selected D10, the dose required to reduce the surviving fraction to 10%, to obtain the RBE of each radiation dose as previously described.
8)
γ-H2AX focus assay
The γ-H2AX focus assay was performed as described previously. 19) The quiescent cells on a SlideFlask were irradiated and, after irradiation, were kept at 37°C for 0.5, 16 and 40 h. Each sample was then fixed with paraformaldehyde in PBS for 5 min, and permeabilized in 100% methanol at -20°C for 5 min. For the observation of γ-H2AX foci, the cells were incubated with anti-γ-H2AX monoclonal antibody (Upstate, Lake Placid, NY), and then with anti-mouse Alexa 488 secondary antibody (Molecular Probes, Eugene, Table 1 . RBE values relative to 150 kV X-rays and the thickness of lucite absorbers for heavy-ion beams used The data for thickness of absorbers are means and standard deviations for three independent experiments. OR). To counterstain DNA, 0.5 μg/ml of DAPI was used. The numbers of γ-H2AX foci in each nucleus were counted under a fluorescent microscope. We scored more than 100 cells for each dose point.
RESULTS AND DISCUSSION
Survival
G 0 /G 1 phase-arrested normal and AT cells were irradiated with carbon ions, iron ions and X-rays. These results are shown in table 1 and Fig. 1 . The RBE values were obtained by dividing the 150 kV X-rays dose giving the D 10 value by that of each high-LET sample ( Table 1 ). The RBEs in normal cells irradiated using heavy ions (24-200 keV/μm) increased from 1.19 to 1.81 in proportion to LET. However, the RBEs in heavy-ion irradiated AT cells increased from 1.32 at 24 keV/μm to 1.59 at 40 keV/μm, reaching a plateau at 40 keV/μm. Tsuruoka et al. also reported that the cellkilling effects of heavy-ion beams on normal human skin fibroblasts depended on LET and ion species.
8) The RBEs reported by Tsuruoka et al. for carbon-(LET: 55 keV/μm) and iron-ions (LET: 200 keV/μm) beams were 1.75 and 3.24, respectively, which are higher than our data. The RBE differences appear due to the higher resistance shown by the Tsuruoka et al. X-rays survival curve.
We have shown the unique characteristics of AT cells after irradiation with two different heavy-ion particles. AT cells (Fig. 1A and B) showed almost identical RBEs after heavy ion irradiation with a wide range of LET, although the RBEs themselves in AT cells were higher than normal cells except at 200 keV/μm (Table 1) . This is consistent with a previous report on AT primary fibroblasts irradiated using neon-and argon-ion beams at about 40 keV/μm to 200 keV/μm. 12) It was reported that the RBEs against LET in NHEJ-repair deficient cell lines of Chinese hamster maintained a plateau phase until 200 keV/μm. 13) Recently, our laboratory and others have reported that AT cells are hypersensitive to radiation because of NHEJ repair [2] [3] [4] defects. This suggests that the observed RBE plateau may be caused by such defects. In this study, the RBE in AT cells did not depend on LET, perhaps because dose respond cell-killing effect on AT cells of the heavy ion beam in the range from 40 to 200 keV/μm may have reached the critical value (Fig. 1B) . However, the AT cells in this study still exhibited LET-dependent RBE at LET values less than 40 keV/μm.
γ-H2AX foci
The numbers of γ-H2AX foci on each nucleus were counted, and the mean numbers of foci induced by each X-rays, 50 keV/μm carbon ions and 200 keV/μm iron ions dose are shown in Fig. 2A and B. Dose-dependent γ-H2AX focus formation was observed in both normal and AT cells after carbon-and iron-ion irradiation ( Figs. 2A and B) . The numbers of γ-H2AX induced in normal and AT cells by X-rays, carbon ions, and iron ions decreased in inverse proportion to LET. This is consistent with the speculation that the number of DSBs induced in a cell may depend on the number of heavy-ion particles which impact it, since the number of ion particles in iron-ion beams is approximately 25% below that in carbon-ion beams. Figures 2C and D show the percentage of initial damage after each repair time in normal and AT cells irradiated with 2 Gy X-rays, 50 keV/μm carbon ions or 200 keV/μm iron ions. In normal cells DSBs induced by iron ions were repaired at a significantly slower rate than those induced by carbon ions; however, by 40 hours nearly all γ-H2AX foci induced by carbon ion irradiation had disappeared and a number of residual foci were still observed in the iron-ion irradiated samples. While each depended on LET, the survival rate of cells exposed to carbon and iron ion irradiation was lower than that of those exposed to X-rays (Fig. 1C) . This is consistent with the notion that heavy-ion beams induced DNA damage may be more severe than that caused by X-rays. These results indicate that some fraction of DSBs induced by heavy ions may be difficult to repair by NHEJ.
AT cells irradiated with heavy-ion beams showed significant delays in DSB repair compared to normal cells (Figs.  2C and D) . In addition, in AT cells significant numbers of DSBs were observed even after 40 h. It is reported that Artemis is a downstream component of the ATM signaling pathway and plays an important role in repairing the DSB induced by radiation, 5) and in Artemis-deficient cells significant numbers of DSBs were observed even after 2 weeks post irradiation, which is consistent with our AT cell data.
Karlsson and Stenerlow reported that in AT cells irradiated with 40 Gy (LET = 125 keV/μm) of nitrogen ions, pulsedfield gel electrophoresis showed 20% of the initial number of DSBs to remain after 22 h. 21) However, using the γ-H2AX focus formation assay, we observed that in AT cells 50% and 70% of initial DSBs induced by 2 Gy of carbon-(LET: 50 keV/μm) and iron-ions (LET: 200 keV/μm) remained after 16 h (Fig. 2D) , and only 55% and 40% were repaired even after 40 h (Fig. 2D) . This difference may be attributable to the different methods used.
AT cells showed virtually the same survival rate after 50 keV/μm carbon-and 200 keV/μm iron-ion irradiation (Fig. 1D) . This is consistent with previous studies conducted with DSB repair defective cells. 13, 14) However, in AT cells, DSBs induced by 200 keV/μm iron ions were repaired at a significantly slower rate than those induced by 50 keV/μm carbon ions (Fig. 2D) . It is supposed that this difference in NHEJ repair rate may be due to the difference in particle size. An alternative explanation may lie in the way the samples were handled -while AT cells in T25 flasks were kept on ice after irradiation and before being re-plated to 6-cm dishes for the survival assay, the G0/G1 phase AT cells in SlideFlasks were not kept on ice, and were fixed for the repair assay after incubation periods of 16 and 40 h. In any case further analysis will be required to find out why AT cells exposed to various LET exhibit equal survival rates despite differences in DSB repair activity.
